Environmental in¯uences are known to produce segmental defects in a variety of organisms. In this paper we report upon segmental aberrations produced by brief heat shocks delivered to developing zebra®sh embryos. The initial defects in the segmental pattern of somitic boundaries and motoneuron axon outgrowth were usually observed ®ve somites caudal to the somite which was forming at the time of heat shock application. Segmental defects in zebra®sh embryos exposed to a single heat shock treatment can occur in a periodic pattern similar to the multiple disturbances observed to occur in chick embryos. These data are discussed with regard to models involving cell cycle synchrony or`clock and wavefront' schemes in the process of somitogenesis. q
Introduction
Segmentation is a common theme in embryonic development and is a feature shared by all vertebrate embryos. For instance, the formation of the rhombomeres of the hindbrain, the branchial arches and the trunk somites are easily visible manifestations of the segmental nature of the vertebrate body plan (reviewed by Kimmel et al., 1991) . In general, the development of these regions involves the formation of a series of similar, repeated units which later differentiate and diversify to produce individually fated structures. However, it is still a mystery as to how these segmental structures form in a precisely coordinated and reproducible fashion, and how each individual segment then assumes different fates to form the different structures of the body.
Somite formation in most vertebrates involves a mesenchymal-epithelial transition of groups of cells lying within the segmental plate mesoderm. The segmental plate is formed during gastrulation from two regions of cells on either side of the axial mesoderm. Within the segmental plate, a relatively ®xed number of cells become associated to form repeating hollow spheres of epithelial cells with a few mesenchymal cells contained within each lumen (Bellairs, 1979 ; reviewed by Gossler and Hrabe de Angelis, 1998) . Several studies have strongly suggested that adhesion molecules such as cadherins play a major role in these processes of somite formation (Duband et al., 1987; Radice et al., 1997; Linask et al., 1998) .
In amphibians, avians and short germ band insects, the application of a brief heat shock to the embryo results in the formation of a de®ned region of segmental disturbances (Elsdale et al., 1976; Mee and French, 1986a,b; Veini and Bellairs, 1986; Primmett et al., 1988) . The timing and pattern of the described heat shock-induced defects is interesting and reproducible. Any somite present at the time of heat shock delivery, including the most recently formed, will develop normally. Posterior to the last formed somite at the time of treatment, there is a zone (the length of which is species-speci®c) in which several somites develop normally. After this normal zone, a somitic defect occurs consisting of fused or abnormally-sized somites, after which the more posteriorly-formed somites resume normal development. Thus the effects of the heat shock are developmentally delayed to become manifested not in the somite forming at the time of treatment, but in a somite forming many hours later. The delay between the time of heat shock and the appearance of the ®rst defect is hypothesized to represent the period between the speci®cation of cells to become organized into a segment and the expression of that developmental decision (Pearson and Elsdale, 1979; Slack, 1983) . These somitic disturbances in vertebrates lead to later nervous system patterning defects, and malformations of the skeletal elements and musculature.
It was previously reported as part of a review paper (Kimmel et al., 1988 ) that heat shock treatments can lead to somitic defects in zebra®sh embryos. We describe here the experimental conditions which lead to the most reproducible and predictable heat shock-induced disturbances in somite boundary formation. We show that defects in motoneuron axon path®nding correlate with the defects in somite boundary formation. We also show that a single heat shock treatment can lead to the formation of multiple, periodic somitic disturbances along the anterior-posterior body axis of the zebra®sh. The formation of periodic disturbances in zebra®sh supports some aspects of models for somite formation involving cell cycle or`clock and wavefront' -types of schemes. It also predicts that cycling patterns of gene expression, as have recently been described in chick and mouse embryos (Palmeirim et al., 1997; Forsberg et al., 1998; McGrew et al., 1998) , may likewise be involved in the proper formation of somitic segments in teleost embryos.
Results and discussion
As in most vertebrate embryos, somites in the zebra®sh embryo form in a rostral to caudal progression as evenly spaced divisions of the mesoderm within the segmental plate. Somitogenesis in the zebra®sh initiates directly at the end of gastrulation (10 hpf hours post fertilization at 28.58C) and continues until after 24 hpf (Kimmel et al., 1995) . The ®rst six somites in the zebra®sh form within 2 h, whereas the remaining 24±28 somites form at the rate of 2/h.
Heat shocked zebra®sh embryos display defects in somite boundaries
Zebra®sh embryos usually undergo normal development within a temperature range of 25±328C. We have determined that the application of a temperature shock of 39± 408C for a period of 30 min during the early segmentation period reliably resulted in the formation of somitic disturbances. Brie¯y, embryos were heat shocked and allowed to develop for another 18±24 h. These embryos were then stained with an antibody to tenascin (KAF, Faissner et al., 1988; Stern et al., 1989; Faissner et al., 1994) or with an antibody called F6 (kind gift of Didier Stanier); both antibodies facilitate observation of the somite boundaries. Induced somitic disturbances in the zebra®sh are typically very localized, usually one or two consecutive somitic boundaries are affected; very rarely, three consecutive boundaries are disrupted. As shown in Fig. 1 , normal forming somites have boundaries present as a repeated pattern of chevrons. In disrupted somites, the V-shaped chevron pattern is incomplete or altered, occasionally leading to the formation of somites that are greatly enlarged or greatly reduced in size. Table 1 shows a summary of heat shock experiments performed to show that zebra®sh embryos exhibit a developmental delay in the effects seen with heat shock treatments (these data corroborate and extend an earlier study performed by Kimmel et al., 1988) . As expected, the effects of the heat shock treatment were not displayed in the somite forming at the time of treatment but rather, on average, within the ®fth somite to be formed after treatment. Therefore, the effects of heat shock treatments on formation of somites in zebra®sh embryos appear to proceed with an initial lag phase as previously described for other embryos.
Motoneuron axons grow along aberrant pathways in heat shocked zebra®sh embryos
We have observed that heat shock treatments also lead to abnormal path®nding of primary motoneuron axons. Fig.  2A±C show examples of the types of motoneuron axon patterning defects usually seen. Normally, the motoneuron axon tracts in zebra®sh are precisely con®ned to the median a Average distance of ®rst disturbance after heat shock 3 5:0^1:0. 
(E) Embryo
showing that abnormal growth of motoneuron axons is correlated with somitic boundary disturbances. Arrowheads point to aberrant branches extending through breaks in somite boundaries. (F) Embryo in which an axon tract is absent within a disturbed somite region. White arrow points to a motoneuron axon tract from an adjacent somite which has made a branch extending towards the non-innervated, affected somite and which appears to be crossing a labeled somite boundary. Embryos were heat shocked at the 8s stage except for panel (B) which was treated at the 12s stage. Width of a normal somite is approximately 50 mm.
of each somite relative to the antero-posterior body axis (reviewed by Eisen, 1991) . Consequently, the motoneuron axon tract from one segment is usually precisely spaced between the axon tracts of neighboring segments. As shown in Fig. 2A , after heat shock treatments, the distances between neighboring motoneuron axon tracts can be greatly increased or decreased in affected segments, even though the overall trajectory of the axon pathways appears relatively normal. As shown in Fig. 2B , in some cases axon tracts can also be completely absent from affected regions of the body. Both of these results lend support to a previous study which showed that heat shock treatments affected the distribution of motoneuron cell bodies associated with disrupted somites (Kimmel et al., 1988) . Another common result obtained from these studies is shown in Fig. 2C ,E. In these cases, the spacing of the neighboring axon tracts was not signi®cantly changed from normal, however affected motoneurons made highly aberrant branches or failed to extend axons of the proper length. By double staining for both somitic boundaries as well as motoneuron axons, as shown in Fig. 2D±F , we have observed that the effects upon motoneuron outgrowth are largely con®ned to the regions of aberrant somite formation.
(Occasionally, intersomitic boundary aberrations occurred in the absence of motoneuronal axon outgrowth defects. However, the reverse case in which motoneuron outgrowth defects are produced in the absence of a corresponding somitic boundary defect was never observed.) It is highly likely that the disruption of the somites has resulted in abnormal morphologies of motoneurons which are growing towards peripheral target cells.
Motoneuron axons in the zebra®sh embryo ordinarily do not cross somite boundaries (Eisen et al., 1986a,b) . As shown in Fig. 2E , many of the aberrant branching axons (arrowheads) are taking pathways through regions of incomplete, interrupted somite boundaries and are therefore not growing across a de®nitive boundary. However, as shown in Fig. 2F (white arrow), we have occasionally observed motoneuron axons in disrupted somites or next to disrupted somites that are crossing over what appear by antibody staining to be robust somite boundaries. The signi®cance of this ®nding remains to be determined; however, the normal timing of boundary formation, which occurs before the outgrowth of motoneuron axons, likely rules out the scenario where the axon outgrew previous to the formation of the somite boundary. Therefore, although the somite Fig. 3 . Application of a single heat shock treatment can lead to the formation of multiple and periodic somite disturbances. Embryos were given a single heat shock during early somitogenesis and allowed to develop to the end of the somitogenic stages, then processed for the F6 antibody. Large arrows point to regions of disturbed somite formation, numbers refer to absolute somite position. All embryos are shown with anterior to left and dorsal towards top of page. (A) Embryo displaying two regions of somite defects resulting from a single heat shock treatment at the 8s stage. Note that the ®rst defect was present at somite 13 and the second defect at somite 18. These two affected somites are separated by four normal somites. (B) Embryo displaying three regions of somite defects resulting from a single heat shock treatment at the 6s stage. Defects were observed at somites number 10, 15 and 20. Again, defectively-formed somites are separated by intervening regions of four normal somites. In both panels (A,B), a periodic`unit' of ®ve somites is shown to be reproducibly repeated under the in¯uence of a single heat shock treatment. Width of a normal somite is approximately 50 mm.
boundary may represent a real barrier to motoneuron axons under normal conditions (Wester®eld, 1987) , it appears that motoneuron growth cones may be able to grow across a somite boundary under very exceptional circumstances.
A single heat shock can lead to the formation of periodic somitic defects in zebra®sh
The application of a single heat shock treatment in chick embryos has been reported to very infrequently lead to the formation of multiple regions of somitic disturbances (Primmett et al., 1988) . The repeated disruptions are separated by regions of normal somite formation and occur with a periodicity of every six to seven somites; as many as four repeated disturbances within the same side of a single chick embryo have been reported. It has been suggested that the periodicity of the repeated disturbances is related to the cell cycle length. In chick embryos, a somite forms approximately every 1.5 h. Therefore, the spatial interval between disturbances has been calculated to represent a temporal interval of about 9±10 h, which closely corresponds to the average cell cycle length of 9.5 h during that stage of development. These data support the`cell cycle' model in which it is proposed that the length and synchronicity of cell divisions in the embryo may play a role in somite formation (Primmett et al., 1989) .
To determine if heat shock treatments similarly led to periodic disturbances in the pattern of somite formation in the zebra®sh embryo and to determine the rate at which periodic disturbances are formed in zebra®sh, 156 carefully staged embryos were given a single heat shock, allowed to develop to the 30 hpf stage, then ®xed and stained with the F6 monoclonal antibody to look for somitic disturbances. In 23 of the 156 embryos (14.7%), periodic disturbances were observed to occur following the application of a single heat shock treatment. As shown in Fig. 3A , an initial disturbance was typically followed by four normal looking somites and then another somitic disturbance. As shown in Fig. 3B , as many as three periodic disturbances could be observed. The ®rst disturbance was typically bilateral whereas following disturbances were usually observed on one side of the embryo only. In almost all cases, the disturbances occurred with a periodicity of every ®fth somite. As stated above, a somite typically forms every half hour in the zebra®sh, therefore a periodicity of ®ve somites represents a time period of 2.5 h.
Models for somite formation
The careful characterizations of the cell behaviors which accompany segment formation have allowed for the proposal of several models explaining how the segmental plate is able to reproducibly form stereotypically sized, repeating somitic structures. Models involving inductive in¯uences or pre-pattern of the segmental plate have been dif®cult to con®rm by experimental data. Other models based upon Meinhardt's concept of`lateral activation' can account for the formation of iterated structures by postulating a set sequence of at least three genes within each segment that exclude each other locally but activate each other over longer ranges, ' (Meinhart 1996) . While such models have the advantage of invoking relatively localized interactions to form pattern, they do not easily predict larger scale, experimentally-induced phenomenon such as the temporally delayed disturbances and the periodic disturbances in somite formation that result from heat shock treatments.
Models which have recently regained renewed respectability are variations on the`clock and wavefront' model proposed by Cooke and Zeeman (1976) to explain the rate at which segments are formed and the fact that vertebrate segments are formed sequentially. Brie¯y, the clock and wavefront model hypothesizes that the process of segmentation involves, (1) a synchronous`oscillator' which cycles between at least two different states in all cells and (2) à wavefront' which travels down the length of the embryo, halting the oscillations and leaving behind a periodic pattern of cells in alternating/different states.
A few modi®cations have been proposed to the simplest model; for instance, the wavefront has been replaced with either a`chemical' or`developmental' gradient to explain the fact that if an embryo is transected, the sequential progression of segmentation appears able to jump the physical gap and proceed on schedule (Slack, 1983) . Primmett et al. (1989) , have replaced the hypothetical oscillator with a very likely alternative, namely the cell cycle. The`cell cycle' model proposes that particular cells located near each other within the unsegmented mesoderm share a certain amount of cell cycle synchrony which predisposes them to later organize into a somitic segment. Heat shock treatments are thought to affect only those cells within a certain phase of the cell cycle, perhaps leading to a transitory arrest of the cell cycle in the affected cells. This arrest would then alter the number of cells that would ordinarily become organized, or perhaps adhesive to one another, at the time of segmentation; death of the affected cells is another possible explanation. Support for the role of the cell cycle in the segmentation process comes from studies exposing embryos to antimitotic drugs such as colchicine, nocodazole and mitomycin C (Primmett et al., 1989) . In these cases, the effects seen are similar to the effects caused by heat shock treatments.
The cell cycle model also attempts to explain the observation that multiple segmentation defects stemming from a single heat shock are occasionally observed in avian embryos (Primmett et al., 1989) . Clock and wavefront/cell cycle models, although elegant, had not been fully accepted as representative for the processes of somite formation in all vertebrates due to (1) the previous lack of evidence for either a wavefront or an oscillatory pattern of gene expression in the body region and (2) the fact that the experimental formation of repeated, periodic somitic disturbances has largely not been reported to occur in any vertebrate species outside of chick. However, recent molecular evidence has shown that at least two genes, c-hairy1 and lunatic fringe, are being expressed as potential readouts of a developmental clock' in chick embryos (Palmeirim et al., 1997; McGrew et al., 1998) . Both of these genes have been shown to be expressed in a kinematic wave which proceeds in a caudal to rostral direction within the presomitic mesoderm of the chick trunk and tail region; this wave repeats itself every 90 min. Interestingly, the cycling times of these two novel gene expression patterns were observed to occur with a periodicity more similar to the time it takes to form a single somite (also 90 min) rather than the observed cell cycle length of 9.5 h.
Fish on bi-cycles?
In this paper, we show that zebra®sh embryos, when presented with a single heat shock treatment, produce a periodic pattern of aberrantly formed somites along the body axis. In almost all cases where repeated somitic defects are present, the ®rst observed somitic defect is followed by four normally formed somites after which the ®fth somite forms aberrantly. This second defect can, in some cases, be followed by another region of four normally formed somites and an abnormally formed ®fth somite (Fig.  3) . However, this periodic`unit' of ®ve somites in the zebra®sh embryo, which accounts for 2.5 h of normal development, does not closely match the average cell cycle length of 4 h during the zebra®sh somitogenic stages (Kimmel et al., 1994; Kane, 1998) . This is unlike the case in chick embryos where the periodic unit corresponds closely in developmental time to a single cell cycle length. (One caveat to this association in zebra®sh is that most of the cell cycle data reported in Kimmel et al. (1994) was from clones of cells which gave rise to neural progeny, however measurements of the cell cycle from clones of mesodermal and endodermal progeny did not differ from the average. Interestingly, the preceding cell cycle, which occurs during the gastrulation stages well before somite formation, has been measured at 2.5 h. The ®nding that the zebra®sh periodic unit (2.5 h) is not closely matched to the overall cell cycle length during the somitogenesis stages (4 h) may be cause for a re-evaluation of the relationship between the segmental program and cell cycle durations in the vertebrate embryo; however these data may also re¯ect cryptic differences between the developmental mechanisms used by amniotes and other vertebrates.
In any case, the ®nding of experimentally induced, periodic somitic disturbances in zebra®sh does lend support to the idea that at least two representatives from vertebrates, a teleost and an avian, may be using similar timing or counting mechanisms to ensure the proper and reproducible formation of iterated somites. These results also predict that distinct cycling patterns of gene expression, as described in the chick, should be present in the zebra®sh embryo during somitogenesis stages. The discovery of cycling genes in the chick embryo shows that at least one molecular clock is present whose oscillations are closely related to the timing of somite formation. It remains to be determined if the oscillations of proposed cycling genes in zebra®sh will match the timing of somite formation or of the cell cycle.
Our own studies of the zebra®sh lunatic fringe gene have concluded that lunatic fringe RNA does not appear to cycle in the zebra®sh embryo (Prince et al, in preparation; Oates, pers. commun.) . However, the extremely rapid rate of somitogenesis in the zebra®sh could possibly preclude a cycling mechanism based on the control of transcription or make a cycling mechanism dif®cult to observe. Interestingly, another member of the hairy family of genes, zebra®sh her-1, has been characterized as having a pair-rule-type expression pattern in precursor cells of odd-numbered somites (Muller et al., 1996) . This gene is related to, but is not the orthologue of, the chick cycling gene c-hairy1. Therefore, it remains yet to be seen whether cycling patterns of gene expression in the zebra®sh will be similar or different to those described in chick and mouse (Forsberg et al., 1998) . Possible candidates for cycling genes are very likely to be related fringe family genes, or additional members of the apparently ubiquitous delta:notch signaling pathway (Bierkamp and Campos-Ortega, 1993; Appel and Eisen, 1998; Haddon et al., 1998) .
Experimental procedures

Fish care
Adult zebra®sh were maintained at 28.58C on a 14 h light/ 10 h dark cycle. Embryos were collected from natural spawnings and maintained in either embryo media (see Wester®eld, 1993) or arti®cial aquarium water (0.016 g/l Instant Ocean' sea salts in distilled water) at 28.58C. Staging of embryos is according to Kimmel et al. (1995) .
Heat shock conditions
In a previous review article ( Kimmel et al., 1988) it was reported that zebra®sh embryos exposed to heat shock treatments of 39±418C for 20 min would exhibit somitic disturbances. We have tested various stages of embryos with different temperatures between 388C and 428C for varying amounts of time ranging from 15 to 120 min. We have also tested whether higher survival was obtained by using chorionated versus de-chorionated embryos or embryo media versus arti®cial aquarium water. Embryos were transferred from either embryo media or arti®cial aquarium water at 28.58C into the test medium using wide-bore pasture pipettes. After treatment, embryos were returned to embryo media or arti®cial aquarium water at 28.58C and maintained at that temperature for another 18±48 h. Embryos were then anaesthetized, ®xed and processed for antibody labeling. Results were scored according to highest survival rates and highest percentage of observed somitic defects. For these survival studies, a total of over 3000 embryos were heat shocked under various conditions. The highest rates of survival with the greatest percentage of somitic defects occurs when embryos are heat shocked within their chorions and placed into embryo media at a temperature of 39±408C for 30 min. Under these conditions, we obtained 94% survivability with 96% of the surviving embryos exhibiting at least one localized somitic defect (data not shown). We considered a localized defect as either one or two sequential somite boundaries which form abnormally. Of those embryos with somitic defects produced across the tested range of time and temperature, 88% showed bilateral defects.
In a separate study, embryos were heat shocked and scored for the presence of periodic somitic disturbances. We determined that an embryo had a periodic pattern of disturbances if at least one side of the embryo contained multiple sites of localized somitic disturbances which were each separated by regions of normally formed somites.
Antibody staining
For the visualization of motoneuron axons only, embryos were ®xed in 4% paraformaldehyde in PBS overnight at 48C and stained with the znp-1 antibody according to methods detailed in The Zebra®sh Book (Wester®eld, 1993) .
For visualization of somitic boundaries or somitic boundaries with motoneuron axons, dechorionated embryos were ®xed for 1 h at room temperature in 1% formaldehyde in PBS. After washing in PBS, embryos were incubated overnight at 48C in either F6 antibody (1:500) or anti-tenascin antibody (KAF, 1:250) . Although the exact cellular or extracellular localization of each antibody is not speci®cally known in zebra®sh, it appears that both antibody markers recognize structures lying between individual somites. The displayed staining patterns of these antibody reagents faithfully reproduces the limits of the somite boundaries as observed with Nomarski optics on both stained and unstained embryos. Both antibodies were diluted in a solution of 2% saponin (Sigma) in PBS. After washing, embryos were incubated for 5 h at room temperature in goat antimouse or goat anti-rabbit secondary antibody conjugated to HRP (Jackson Immuno Research) diluted 1:500 in a solution of 0.4% BSA (Sigma), 1.0% DMSO (CalBiochem) and 0.1% Triton X-100 (Sigma) in PBS. HRP signal was visualized in DAB using standard protocols.
